


















Cosmological neutrino mass detection: The best probe of neutrino lifetime
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Future cosmological data may be sensitive to the effects of a finite neutrino mass even as small as
the ∼0.05 eV lower limit guaranteed by neutrino oscillation experiments. We show that a cosmo-
logical detection of neutrino mass in agreement with expectations would improve by many orders of
magnitude the existing limits on neutrino lifetime, and as a consequence on neutrino secret interac-
tions with (quasi-)massless particles as in majoron models. On the other hand, neutrino decay may
provide a way-out to explain a discrepancy between cosmic neutrino bounds and Lab data.
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I. INTRODUCTION
Future cosmological probes will reach an incredible
sensitivity to the effects of even a tiny mass of the cosmic
background neutrinos. In particular, according to ex-
isting forecast analyses, exploiting the information from
the weak lensing of the cosmic microwave background
(CMB) anisotropies, from galaxy weak lensing (in par-
ticular if a tomography with different redshift bins can
be exploited) and from galaxy cluster surveys may push
the sensitivity to the sum of neutrino masses Σ =
∑
mν
well below the eV scale, down to ∼ 0.03 eV (for a review
see e.g. [1, 2]). Reaching a sensitivity to Σ <∼ 0.1 eV—
which implies an excellent control over systematics and
degeneracies—would make possible to detect neutrino
mass cosmologically in a not-too-distant future, if the
standard cosmological scenario is correct. Indeed neu-
trino oscillation data imply Σ >∼ 0.05 eV (see e.g. [3]),
where the minimum Σ ≃ 0.05 eV is attained for a normal
hierarchy. For the case of an inverted mass hierarchy,
the oscillation data imply Σ ≃ 0.1 eV. To be defined,
we assume in the following that neutrinos have a hierar-
chical spectrum of either inverted or normal sign, as fa-
vored by many theoretical models, including the simplest
seesaw ones. A degenerate mass scenario is phenomeno-
logically allowed, with the existing constraints given by
Σ < 6 − 7 eV if only laboratory bounds from tritium
endpoint [4] are used, or Σ < 0.3 − 2.0 eV from existing
cosmological observations [1, 2]. The degenerate scenario
can be tested independently from cosmological observa-
tions via future tritium endpoint spectrum [5] and neutri-
noless double beta decay [6] experiments. Still, provided
that Σ can be determined cosmologically to better than
∼0.1 eV, the following considerations apply at least qual-
itatively to the degenerate case, too.
The main point of this paper is to motivate that if a
neutrino mass will be inferred in accordance with the ex-
pectations, one will be able to put a remarkably strong
constraint on the neutrino lifetime. Bounds on neutrino
lifetimes are usually quoted in terms of the rest-frame
lifetime to mass ratio τ/m. Given a measurement in
the time interval t using neutrinos with Lab energy E,
the naive bound which one can put is τ/m >∼ t/E. Us-
ing then the longest timescale available, the universe
lifetime t0 ≃ H
−1
0 (where H0 is the Hubble constant),
and the lowest energy neutrinos, the ones of the cosmic
background which are at least partially non-relativistic,







≃ 1019m−150 s/eV , (1)
is the strongest possible constraint which can be ever at-
tained, where we introducedm50 ≡ m/50meV. This is to
be compared with the strongest direct bound available at
present given by the observation of solar MeV neutrinos,
of the order of ∼ 10−4 s/eV [7], and the much stronger
(but model dependent) bound τ/m >∼ 10
11 s/eV, which
can be in principle derived from the observations of dif-
fuse supernova neutrino background [8, 9]. Recently, a
bound comparable to that one, τ/m >∼ 4×10
11m250 s/eV,
has been claimed to follow from the requirement that
the neutrinos are free-streaming at the time of the pho-
ton decoupling, as deduced by precise measurements of
the CMB acoustic peaks [10]. Yet, the robustness of this
conclusion has been questioned in [11]. We shall see that
the proposed bound based on cosmological neutrino mass
detection would be much closer to the maximal theoret-
ical bound of Eq. (1), thus superseding by several orders
of magnitude the previous ones. More importantly, it is
not based on a model for secret neutrino interactions, but
on the “observation” of neutrino survival, and it applies
whatever the final state particles are.
II. THE BOUND
In order to estimate the bound on the neutrino lifetime
from the cosmological observation of the neutrino mass,
let us recall first how massive neutrinos affect cosmolog-
ical observables. We shall base the following discussion
mostly on the treatment given in [1], which we address for
details and further references. The main effect is due to
the direct or indirect impact of massive neutrinos in the
background evolution (Friedmann law) of the universe.
2In particular, in the matter epoch1 and assuming stable










(ρm + ρν) ≃
8piGN
3
ρm(1 + fν) , (2)
where a dot represents a derivative with respect to the
conformal time η, a is the scale factor of the universe, GN
is Newton’s constant, ρm is the average cold dark matter
(CDM) plus baryon density, and ρν is the neutrino energy
density; we have defined fν ≡ ρν/(ρm + ρν) and the sec-
ond equality in Eq. (2) holds to first order in fν . Clearly,
keeping for example ρm + ρν constant, a non-vanishing
fν today would change the epoch of matter radiation
equality aeq with respect to the massless neutrino case,
with a scaling aeq ∝ (1− fν)
−1 (assuming ultrarelativis-
tic neutrinos at the time of equality). This is responsible
for the main effects on the CMB anisotropy pattern, in
the range Σ <∼ 2.0 eV. Physically, postponing the time of
equality produces an enhancement of small-scale pertur-
bations, especially near the first acoustic peak, and in-
creases slightly the size of the sound horizon at recombi-
nation. When turning to the growth of structures, there
is also an additional effect. During matter domination
and on scales smaller than the free-streaming scale, the
neutrino perturbations do not contribute to gravitational
clustering, and neutrinos can be simply omitted from the
Poisson equation. On the other hand, they do contribute
to the homogeneous expansion through Friedmann equa-
tion. Therefore the exact compensation between cluster-
ing and expansion holding for a pure CDM scenario is
slightly shifted: the balance is displaced in favor of the
expansion effect, and the gravitational potential decays
slowly, while the matter perturbation does not grow as
fast as the scale factor. Combining the continuity, the
Euler, the Poisson and the Friedmann equations one gets
the evolution law for the perturbation in the matter den-







(1− fν)δm = 0, (3)
which at the first order in the small parameter fν has a
growing mode solution of the kind δm ∝ a
1− 3
5
fν . This is
valid when the neutrino density is dominated by the most
massive, non-relativistic state(s), and fν → constant.
Physically, the combined effect of the shift in the time
of equality and of the reduced CDM fluctuation growth
during matter domination produces an attenuation of
perturbations for modes k > knr, where knr is the min-
imum of the comoving free-streaming wavenumber at-
tained when neutrinos turn non-relativistic, and given
by [1]





1 This discussion extends without qualitative differences to the
late period of dark energy dominated expansion [1].
An instantaneous decay of the massive neutrinos at an
epoch ηd in the matter era can be thought as replac-
ing the neutrino fluid with a (not better specified) fluid
with the same energy content of the original one at ηd,
but whose energy density scales from that moment on as
a−4, since the daughter particles are relativistic. Let us
estimate how large a value of ηd, or equivalently of the
proper time td(= τ if the neutrino is non-relativistic),
can be probed cosmologically. Quickly after the neu-
trino decay one has formally fν → 0, provided that
td ≪ t0 ≃ H
−1
0 ; from that moment on, the cosmological
effects of the decaying neutrino scenario are analogous
to the ones of a massless neutrino universe. Note that
the condition td ≪ t0 is required by the fact that when
td → t0, the radiation content of the relativistic daugh-
ters of the massive neutrino has no time to decline to
zero with respect to the matter density. This condition
is necessary to change appreciably the energy budget of
the universe, thus affecting the predicted growth of the
structures and the time of equality with respect to a mas-
sive neutrino scenario. Clearly, for a given sensitivity to
the effect of neutrino masses there is a maximum value
tmaxd which would result in a detectable change of cosmo-
logical observables. A precise estimate of this parameter
would imply a detailed forecast analysis, which goes be-
yond the purpose of this paper. Yet, a simple argument
shows that, relying on the existing forecasts, a conserva-
tive lower limit is tmaxd >∼ tnr, where tnr is the epoch at
which neutrinos become non-relativistic, whose redshift
is defined by m = 3Tν,0(1 + znr), Tν,0 being the present
temperature of the neutrino gas. Indeed, when the decay
epoch satisfies td <∼ tnr, the energy content of the prod-
ucts is the same of a relativistic neutrino fluid, and it
redshifts the same way. So, all physical effects of this
scenario are basically the same of the case where neutri-
nos are massless 2. In Fig. 1, we show fν(z) for the three
following cases: (i) a massive neutrino cosmology, where
we assume an inverted hierarchical neutrino mass pat-
tern and the lightest neutrino is massless; (ii) a massless
neutrino cosmology; (iii) a decaying neutrino cosmology,
where massive neutrinos decay at td = tnr. The neutrino
mass and mixing parameters are taken from [3], the cos-
mic neutrino distributions are taken from [12], and for
simplicity we have assumed a matter-dominated cosmol-
ogy with the matter density parameter Ωm = 0.24 and
the reduced Hubble constant h = 0.73 [13].
Clearly, the cases (ii) and (iii) are very similar (basi-
cally degenerate if td ≪ tnr) and, as long as td <∼ tnr, ex-
isting forecasts predicting that the massless neutrino case
2 Cosmological probes other than big bang nucleosynthesis (BBN)
are basically insensitive to the energy spectrum of the neutrino
fluid: They are only sensitive to its overall energy density and
equation of state. In the case at hand, one or more of the daugh-
ter particles may have a finite but much smaller mass than the
parent one, but this does not change our conclusions, at least at
our level of approximation.
3can be distinguished from the massive one thus also imply
that the decaying neutrino scenario can be disproved, if
a mass in accordance with expectations is detected. Even
assuming conservatively that tmaxd ≃ tnr, the improve-
ment in the bound on the neutrino lifetime is tremen-
dous. In particular, neutrinos turn non-relativistic at




50 of its present age, and
the bound is about 10−3m
−3/2
50 of the maximum attain-







50 s/eV . (5)
Of course, the previous argument does not exclude that
an accurate forecast analysis may reveal a sensitivity to
a significantly larger tmaxd . This is expected in particular
if oscillation and direct mass experiments would suggest
an inverted hierarchy, for which Σ ≃ 0.1 eV holds, and
the cosmological effects of neutrino masses are larger.
To appreciate how strong the bound of Eq. (5) would
be, let us consider a model of a “secret” neutrino interac-
tion with a (quasi-)massless majoron field φ of the kind
L = g ν¯iνjφ+h.c, i, j labeling different mass eigenstates.
The total decay rate for a hierarchical neutrino mass pat-
tern and summing over neutrino and antineutrino final







This holds in the neutrino rest frame, but in our case this
is also the Lab decay width, give or take a factor O(1),
since the neutrino is just turning non-relativistic. The
constraint of Eq. (5) leads to the incredibly stringent
bound




This has to be compared with traditional bounds found
in the literature in the range g <∼ 10
−4 ÷ 10−5, which is
also a typical value invoked in the “neutrinoless universe”
scenario of Ref. [14]. Even the extremely stringent bound
reported in [10] is more than two orders of magnitude
weaker.
III. DISCUSSION AND CONCLUSION
Current forecast analyses suggest that future cosmo-
logical surveys may attain the sensitivity to detect the
cosmological effects of a finite neutrino mass as small as
∼0.05 eV. Besides providing a way to measure the abso-
lute neutrino mass scale, we have discussed in this paper
how such a detection would have profound consequences
on the particle physics of the neutrino sector. In particu-
lar, a result in accordance with Lab and oscillation data
would improve by many orders of magnitude the exist-
ing limits on neutrino lifetime, and as a consequence on
FIG. 1: The function fν(z) for the three cosmologically rele-
vant cases of (i) massive neutrinos (in inverted hierarchy and
lightest neutrino massless); (ii) massless neutrinos; (iii) mas-
sive neutrinos decaying at the time td = tnr. See text for
details.
neutrino secret interactions with (quasi-)massless parti-
cles as in majoron models. Note that strictly speaking
these bounds apply to the heaviest (or the two heaviest,
in inverted hierarchy) mass eigenstates, but naturaleness
and phase-space considerations suggest that the lifetime
of the lightest state(s) is longer, and its coupling with a
majoron field weaker, than for the heavier one(s). It is
also important to note that such a bound would be ro-
bust with respect to the model of the coupling mediating
the new interaction (the same does not apply to the con-
siderations of [10], for example). It also applies to any
possible invisible decay channel, provided that the total
mass of the final state particles is much smaller than
∼ 0.05 eV. In particular, this bound applies to three-
neutrino final state decays νi → ν¯jνjνk, as well as to
decays νi → νj +φ in majoron-like models. As discussed
in [10], a consequence of such stringent bounds is that the
decay of high energy neutrinos [15], a target for neutrino
telescopes such as IceCube, can not occur. Here the con-
clusion would extend to the diffuse supernova neutrino
background, too: a disagreement with astrophysical pre-
dictions could not be attribute to neutrino decays.
Finally, it is worth to speculate briefly on the possi-
bility that, although future observations may attain the
needed sensitivity, no cosmological detection of neutrino
mass is achieved, or in any case a value of Σ significantly
lower than the one expected from the Lab and oscillation
data is favored. The considerations of the present paper
suggest that a neutrino lifetime in the range tnr ≪ τ <∼ t0,
as may be due to an extremely tiny coupling of the order
of g <∼ 10
−14 with a majoron-like particle, might provide
a possible explanation of a discrepancy with oscillation
and Lab data. Note that this possibility has one similar-
ity with the “neutrinoless universe” scenario of Ref. [14],
since it offers a way-out for a possible non-detection of
4neutrino mass in cosmological data, thus re-emphasizing
the complementarity of cosmological bounds and labora-
tory experiments. However, differently from the latter, it
would present no departure from the standard cosmology
as early as the BBN or CMB photon decoupling epoch.
This avoids completely the constraints based e.g. on the
number of effective neutrino degrees of freedom Neff dis-
cussed in [14] as well as the more stringent arguments
put forward in [10].
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